Thermophilic viruses represent a novel source of genetic material and enzymes with great potential for use in biotechnology. We have isolated a number of thermophilic viruses from geothermal areas in Iceland, and by combining high throughput genome sequencing and state of the art bioinformatics we have identi®ed a number of genes with potential use in biotechnology. We have also demonstrated the existence of thermostable counterparts of previously known bacteriophage enzymes. Here we describe a thermostable RNA ligase 1 from the thermophilic bacteriophage RM378 that infects the thermophilic eubacterium Rhodothermus marinus. The RM378 RNA ligase 1 has a temperature optimum of 60±64 o C and it ligates both RNA and single-stranded DNA. Its thermostability and ability to work under conditions of high temperature where nucleic acid secondary structures are removed makes it an ideal enzyme for RNA ligase-mediated rapid ampli®cation of cDNA ends (RLM-RACE), and other RNA and DNA ligation applications.
INTRODUCTION
As a novel source for nucleic acid modifying enzymes, thermophilic viruses have remained relatively unexplored. Most studies on thermophilic viruses have focused on phages infecting thermophilic Archaea (1,2), but little effort has been put into isolating and characterizing bacteriophages infecting thermophilic eubacteria. We have systematically isolated and characterized thermophilic viruses in recent years for the purpose of isolating genes and gene products for uses in biotechnology and molecular biology applications. One of these studies resulted in isolation of a novel thermophilic bacteriophage that infects the thermophilic eubacterium Rhodothermus marinus (3, 4) .
The bacteriophage, designated RM378, is a large head and tail phage and a member of the Myoviridae family with an A2 morphology, which includes the well studied bacteriophage T4 that infects Escherichia coli. The bacteriophage RM378 consists of a moderately elongated head, 95 nm long and 85 nm in diameter, and a tail of 150 nm with connector to the head (4) . It was completely stable and infectious up to 65°C, but lost viability above that temperature. The genome was fully sequenced and contained a 130 kb, double-stranded DNA helix, with a G+C content of 42.0% (4) .
More than 200 open reading frames (ORFs) were found, but the overall sequence similarity to known gene products in public databases was low when using BLAST software (5) . The predicted product of one of these ORFs showed homology to the T4 RNA ligase 1.
T4 RNA ligase 1 (EC 6.5.1.3) has the ability to ligate singlestranded (ss) nucleic acids by catalyzing the ATP-dependent formation of phosphodiester bonds between 5¢-phosphate and 3¢-hydroxyl termini of ssRNA or ssDNA (6, 7) . The apparent biological role of T4 RNA ligase 1, together with the phageencoded polynucleotide kinase, is to repair cleaved tRNA molecules, thereby counteracting the defense mechanism of the bacterial host. The tRNA Lys molecules are cleaved by T4-induced anticodon nuclease (ACNase) 5¢ to the wobble position, yielding 2¢:3¢-cyclic phosphate and 5¢ hydroxyl termini (8±10). The anticodon nuclease (PrrC or ACNase) is coded by the prrABC operon, which encodes subunits of a type IC DNA restriction and a modi®cation system called EcoprrI. When E.coli is infected by T4 phage, the phage inactivates the EcoprrI system by means of the T4 Stp polypeptide, causing conformational changes resulting in the activation of the ACNase (9±11). The anticodon nuclease system can be found in some other eubacteria, and examples of other tRNA degrading systems are the bacterial toxins colicins D and E5 (9, 12) .
The T4 RNA ligase 1 is a workhorse of molecular biology and is used in numerous protocols in biotechnology. Applications include RNA ligase-mediated rapid ampli®ca-tion of cDNA ends (RLM-RACE) (13, 14) , ligation of oligonucleotide adaptors to cDNA or single-stranded primer extension products for PCR (15, 16) , oligonucleotide synthesis (17) and various 5¢ nucleotide modi®cations of nucleic acids (18) . Here we describe the isolation and characterization of an RNA ligase, a thermostable homolog of T4 RNA ligase 1.
MATERIALS AND METHODS
Cloning of the RnlA gene, and expression and puri®cation of the gene product All standard molecular biology methods were performed as described in Sambrook et al. (19) . The full-length RNA ligase gene was ampli®ed by standard PCR from RM378 viral DNA (4) using primers Rnl3 [d(GGGAATTCTTATGAACG-TAAAATACCCG)] and Rnl4 [d(GGAGATCTTATTTAAA-TAACCCCTTTTC)] with DynazymeÔ DNA polymerase (Finnzymes Oy), as recommended by the manufacturer. The RnlA gene was cloned into pBTAC1 expression vector and veri®ed by DNA sequencing. A clone (RNAlig6.2.1) containing the gene for RM378 RNA ligase was selected for expression and transformed into BL21 E.coli cells. The strain was cultivated at 37°C and induced with 1 mM IPTG. The cells were harvested and disrupted by sonication. The crude cell extract was centrifuged in an SA-600 rotor (Sorvall Inc.) at 10 400 g for 1 h. The supernatant was collected and ammonium sulfate added to 30%. The solution was stirred at 4°C for 40 min and centrifuged at 10 000 r.p.m. for 1 h. The protein pellet was dissolved in 20 mM Tris pH 8 and centrifuged at 20 000 r.p.m. for 1 h. The supernatant was run through a HiPrep 26/10 (Amersham Biotech Inc.) desalting column in 20 mM Tris pH 8. The protein was then run on a ResQ column and eluted with a KCl solution. The majority of the RNA ligase 1 eluted as a single peak, which was collected. The RM378 RNA ligase was concentrated with ammonium sulfate precipitation and dialysed against 20 mM Tris pH 8. The protein was stored at ±20°C in 10 mM Tris pH 8, 50 mM KCl, 1 mM DTT, 0.1 mM EDTA and 50% glycerol.
Activity assay and characterization
The standard T4 RNA ligase 1 activity assay, developed by Silber et al. (6) , was modi®ed for characterization of the RM378 RNA ligase. The reaction mixture was as follows, in 10-ml aliquots: 50 mM MOPS pH 7, 1 mM DTT, 0.1±1 mM ATP, 5 mM MgCl 2 , 10 mM KCl, 25 mg/ml BSA, 10 mM 5¢-32 P-labeled DNA or RNA substrate, and 0.01±0.2 mg/ml protein (®nal concentration). Reactions times varied from 5 min to a few hours based on the assay or the application. The reactions were terminated by incubation at 90°C for 5 min, followed by cooling on ice, followed by the addition of 30 ml of solution of shrimp alkaline phosphatase (0.2 U/ml) in its standard buffer (USB Corp.) and incubation for 4 h at 37°C. The alkaline phosphatase-resistant 5¢-phosphoryl termini were captured on DE81 ®lters, washed twice in 500 mM phosphate buffer and dried. Radioactivity on the ®lters was then counted using a scintillation counter (Packard Inc.) after the addition of 5 ml scintillation¯uid. All assays were performed in triplicate and the mean calculated.
One unit of RNA ligase activity was determined as the amount of enzyme needed to convert 1 nmol of 5¢-phosphoryl termini in 32 P-r(A 20 ) to a phosphatase-resistant form in 30 min at 60°C for the RM378 RNA ligase 1 (6) . This assay was used for studies of the RM378 RNA ligase, using either DNA or RNA 20-nucleotide oligomers 32 P-d(A 20 ), 32 P-r(A 20 ) as substrates. For K m measurements of the substrate adenylation, 0.02 mg/ml of enzyme was incubated with 20 mM 32 P-r(A 10 ) 3¢ dideoxy-blocked at 60°C for 60 min with different amounts of ATP (1, 10, 25, 50, 100, 250, 500 and 1000 mM), and the protection assay employed.
Exonuclease I protection assays
An exonuclease protection assay (EPA) was developed to measure the accumulation of the ®nal product in intramolecular ligations (circularization), excluding the adenylated intermediate. The DNA intra-molecular ligation reactions were done by assaying the RM378 RNA ligase, using 0.1 mg/ml enzyme, 50 mM ATP and P-d(A 20 ) as a substrate for 8 h at 60°C. After the incubation, the samples were heated to 90°C for 5 min and half the sample was subjected to exonuclease I (New England Biolabs Inc.) digestion (0.5 U/ml for 8 h), while the other half of the sample was incubated with water. The samples were then mixed in a 1:1 ratio with 2Q Oligreen Dyeâ (Molecular Probes Inc.) and measured for uoresence intensity in an LJL AnalystÔ¯uoresence meter (LJL Biosystems), according to the manufacturers' instructions. The background was then subtracted from the samples and the ExoI digested, ligated samples compared with the undigested samples, and the percentage of protected DNA (circular) calculated.
RACE assay
Vector-derived RNA (1 ng) (Takara Inc.) was used as a substrate for the RLM-RACE protocol using the components of the Generacer kit (Invitrogen Inc.) as described by the manufacturer, except that the phosphatase step was excluded and RM378 RNA ligase and buffer were used for the RNA ligation, and incubation was performed at 60°C for 1 h. The cDNA was made using the AMV First Strand Synthesis Kit (Invitrogen Inc.) with random hexamers as primers, according to the manufacturer's instructions. The template was then ampli®ed using speci®c primer and an adapter primer from the Generacer kit, using standard PCR with AmpliTaq Gold (Applied Biosystems Inc.), as recommended by the manufacturer. The products were cloned into TOPO TA vectors and sequenced for veri®cation using the BigDye 2.0 DNA sequencing kit, and analyzed on a ABI Prism 3700 genetic analyzer (Applied Biosystems Inc.).
RESULTS

Cloning, overexpression and puri®cation of the RM378 RNA ligase
Over 200 putative ORFs were discovered after complete sequencing of the RM378 genome (4). The RM378 bacteriophage genome has been submitted to the DDBJ/EMBL/ GenBank database (accession no. NC_004735). Standard BLAST analysis (5) of these ORFs showed~40% similarity to the RnlA gene amino acid sequence which encodes the RNA ligase 1 in the T4 phage (20) , and also the RNA ligase part of the pnk/pnl gene (ORF 86) from the plant virus Autographa californica polyhedrovirus (ACNV) genome (21) . This putative RNA ligase 1 gene, designated RnlA, from the RM378 genome was 1314 bp in length and coded for a 438-amino-acid polypeptide with a calculated mass of 51.3 kDa. The alignments of RNA ligase 1 from T4, ACNV and RM378 are shown in Figure 1 . The RnlA gene was ampli®ed from the viral genome, cloned into pBTAC1 expression vector and sequenced. The gene product was overexpressed in E.coli and puri®ed to near homogeneity. The yield of puri®ed recombinant RM378 RNA ligase was 1 mg/g of cells (wet weight).
Aliquots from the puri®cation steps were collected and run on a 12% SDS polyacylamide gel and stained with Coomassie Brilliant Blue R-250 (22) . The puri®cation was estimated to be >95% by SDS±PAGE analysis (Fig. 2) .
Characterization of the RM378 RNA ligase
Various properties of the puri®ed RNA ligase protein were examined. The ®rst step was to determine the pH optimum of the enzyme. A phosphatase resistance assay (6) was carried out with the enzyme in the reaction buffer (1 mM DTT, 1 mM ATP, 10 mM MgCl 2 , 25 mg/ml BSA and 10 mM KCl) at 55°C with either 50 mM Tris±HCl or 50 mM MOPS buffers over a broad pH range. The concentration of RNA ligase for the following experiments was 0.02 mg/ml, and the concentration of polynucleotide substrate was 10 mM using 5¢-32 P-labeled r(A 20 ). As seen in Figure 3A , the optimum pH is 6 and 7 for Tris and MOPS, respectively. Since MOPS was within its useful pH range (6.6±7.8) (19) , it was used in the following experiments.
The apparent optimum temperatures for enzyme activity were measured by performing the reaction at numerous temperatures between 4 and 90°C, using the standard circularization assay. As seen in Figure 3B , the optimum temperature is 64°C, which is close to the R.marinus optimal growth conditions (3) .
The thermostability at different temperature was studied in two ways: (i) by heating the enzyme for 1 h at a given temperature in its reaction buffer (without the substrate) and measuring activity using the phosphatase resistance assay; and (ii) by heating the enzyme as before at 90°C, and then taking samples at 5 min intervals, for activity measurements at 60°C for 1 h. As seen in Figure 3C , the enzyme was relatively stable at 60°C and showed clear signs of thermoactivation, i.e. increased activity after incubation at 60°C. At higher temperatures the enzyme started to lose activity rapidly, and demonstrated no activity at all after 1 h at 80°C. The enzyme had lost all of its activity after 5 min at 90°C (data not shown). We therefore incubated the protein for an extended time at 60 and 64°C and assayed its activity for 1 h at 60°C afterwards.
As seen in Figure 3D , this experiment clearly showed that the protein lost activity quite rapidly at 64°C but was relatively stable at 60°C, with a half life of~10 h. This shows that even though apparent optimum activity is at 64°C, the enzyme is not stable at temperatures >60°C.
The effect of ATP concentration was studied by adding different amounts of ATP to the reaction. Since the conversion of ATP to AMP and PPi along with the adenylation of the donor was essential for the reaction, it was clear that no activity should be present without the ATP. As seen in Figure 4A , the optimum ATP concentration is reached at 0.1± 0.25 mM ATP, but at higher concentrations the ATP clearly inhibits the reaction and at 10 mM the inhibition is complete. This inhibition could not be rescued by adding Mg 2+ (up to 20 mM) to the reaction, which ruled out the possibility that complete chelation of the Mg 2+ was causing it.
The effects of divalent cations were studied with both Mn 2+ and Mg 2+ at different concentrations. The results showed that the enzyme was inactive at cation concentrations <100 mM and that optimum activity was reached at 1 mM and 5 mM for Mn 2+ and Mg 2+ , respectively (Fig. 4B) , with Mn 2+ maintaining 90% activity compared with Mg 2+ . The same metal ion assay (Mn 2+ and Mg 2 ) was performed using DNA template and no detectable difference was observed between the cations (data not shown).
The effects of common salts like NaCl and KCl were studied by titration of these salts in the buffers. As seen in Figure 4C , the NaCl steadily inhibited the reaction, completely inhibiting enzyme activity at a concentration of 500 mM. A low concentration of KCl (0.1±10 mM) increased the activity, but showed similar inhibition at higher concentrations. Characterization of the effects of pH and temperature on the RM378 RNA ligase using the phosphatase-resistant assay. (A) pH pro®le using both Tris±HCl (®lled diamonds) and MOPS buffers (®lled squares). The pH optima were 6 and 7, respectively. (B) Temperature optimum. The apparent optimum temperature of the enzyme activity was 64°C. (C) Thermostability measured by heating the enzyme in buffer for 1 h and then adding substrate and assaying for 1 h. Heating at 60°C increases the activity, which suggests that the enzyme is thermoactivated, but after heating at 70°C the activity was~50% and all activity was lost after 1 h at 80°C. (D) Thermostability at 60°C (®lled squares) and 64°C (®lled diamonds) for an extended period of time. The enzyme loses activity rapidly at 64°C, but is relatively stable at 60°C.
The effect of protein concentration was studied on the standard 10 mM 32 P-r(A 20 ) template concentration and the reactions were incubated for 1 h (Fig. 4D) . The graph was linear up to 0.025 mg/ml protein, but at 0.1 mg/ml concentration 70% of the template was phosphatase resistant. The speci®c activity of the RM378 RNA ligase was calculated 150 and 300 U/mg in its standard buffer, at 60 and 64°C, respectively, containing 0.1 mM ATP, 10 mM 32 P-r(A 20 ) substrate, and following incubation for 30 min, using the standard unit de®nition by Silber et al. (6) . The turnover numbers were estimated to be 0.25 (at 60°C) and 0.5 (at 64°C) pmol of ligated RNA ends per pmol of enzyme per minute.
We also studied the ssDNA ligation using 32 P-d(A 20 ) substrate, similar to the RNA phosphatase protection assay (Fig. 5A) . The results showed that up to 40% of the oligomer was phosphatase resistant, but after a much longer incubation time. The speci®c activity was estimated to be only~20 U/mg. The phosphatase resistance assay measures both the adenylated intermediate and the ®nal ligation. To see the actual circular ligation we developed the EPA, which is based on the resistance of circular ssDNA to degradation by exonuclease I. The resistant products from the DNA assay was measured using OliGreenâ single-stranded quanti®cation reagent (Molecular Probes Inc.). We assayed 5¢P-d(A 20 ) oligomer using this assay, after assaying the mixure for 8 h at 60°C, and subjected it to exonuclease I digestion. As seen in Figure 5B , the protection varies according to the addition of PEG 6000 and hexamine cobalt chloride (HCC), which are known to facilitate ssDNA ligation using T4 RNA ligase 1 and DNA ligase (16) . Speci®c activity of the RM378 RNA ligase using this assay was only~1.5 U/mg.
We measured the K m of the adenylation step on 32 P-r(A 10 ) donor with 3¢ dideoxy blocker, and found that the K m for the adenylation step was 7 mM and the V max was 0.2 mmol mg ±1 h ±1 . As in the titration of the phosphatase resistance assay, elevated ATP concentration inhibited the adenylation. ATP concentration started to inhibit the RNA adenylation reaction at a concentration of 100 mM. The results are shown in Figure 5C as a Lineweaver±Burk plot.
We also looked at the binding of ATP to the protein, to see the ef®ciency of the binding and subsequent conversion, and to see if the enzyme needed to bind RNA before the hydrolysis. The results showed that the protein had reached maximum adenylation in 20 mM ATP (data not shown).
RACE
RNA ligations were carried out on vector-derived RNA transcript and the sample was taken using the GeneracerÔ standard RLM-RACE protocol, except that phosphatase digestion was omitted and RM378 RNA ligase was used instead of the conventional T4 RNA ligase 1, and the sample was incubated for 60 min at 60°C. Standard PCR was then employed after the cDNA synthesis. As shown in Figure 5D , the PCR yielded 300 bp products of the expected size. The PCR products were then veri®ed by DNA sequencing.
DISCUSSION
Sequence analysis, expression and puri®cation of the RM378 RNA ligase
After analyzing the putative ORFs of the bacteriophage RM378 genome, it became apparent that one of the ORFs was a putative RNA ligase gene. This suggests that the RM378 bacteriphage most likely needs to counter similar host defense systems analogous to the T4 phage with the E.coli anticodon nuclease system (9, 10) . Sequence analysis showed that the RM378 RNA ligase had limited identity to both T4 RNA ligase 1 (20) and A.californica nuclear polyhedrovirus (ACNV) polynucleotide kinase/ligase (21) . The sequence identities were 17% and 19%, respectively, counted overall (i.e. total number of identities divided by average length of the two sequences; see Fig. 1 ).
RNA ligases 1 belong to a superfamily of covalent nucleotidyl transferases, which also includes RNA capping enzymes and DNA ligases, both ATP-and NAD + -dependent (23) . These enzymes share a number of sequence motifs, which are mostly con®ned to the central active site region bordering a presumed nucleic acid-binding cleft, as seen in the available structures of DNA ligases and mRNA capping enzyme (24, 25) . However, the presence of all these six sequence motifs in the very few available RNA ligase 1 sequences is not obvious for all different motifs. The most conserved motif, characterized by the consensus KXDG, corresponds to residues 124KLDG127 in the RM378 RNA ligase 1 (Fig. 1) . This motif includes an active site Lys residue, which becomes covalently bound to AMP, and an acidic Asp residue that is known to play a role in adenylation as well as the ligation reaction. The present sequence of RM378 RNA ligase 1 is a valuable addition to the very small number of known sequences in this family of RNA ligases 1 (Fig. 1 ) and as such gives important clues to the identity of conserved residues of functional importance and helps to establish the location of sequence motifs characteristic of the subfamily, as well as the superfamily in general.
A number of residues in the homologous enzyme from T4 have been mutated followed by functional characterization of the corresponding mutated proteins (26) . Of the residues found to be essential for T4 RNA ligase 1 activity, most are conserved in RM378 RNA ligase 1 also, which further supports the notion of conservation of the general structure and catalytic mechanism in the superfamily (26) . This includes residues in motif I (Lys124 and Gly127), motif IV (Asp284 and Gly285) and motif V containing residues Lys208 and Lys210, which are possibly involved in contacts with the a-phosphate of ATP. However, the proposal of a new essential motif in the superfamily [(S/T/D)-(R/K), called motif 1a (26) ] is dif®cult to reconcile with the present results, since the location of the allegedly essential basic residue is occupied by a hydrophobic Leu residue in RM378 RNA ligase 1 (Fig. 1) .
We note the conservation of speci®c residues (Arg60, Lys80 and Phe82) N-terminal to motif I that have been found to be essential in the T4 enzyme and proposed to be a signature feature of this speci®c family of RNA ligase 1 (Fig. 1) . From the sequence alignment, we further note the absence or less obvious conservation of motifs III and IIIa found in DNA ligases and RNA capping enzymes (26) . It is thus dif®cult with any certainty to identify residues of particular function such as the one involved in binding ATP through stacking against the adenine base of ATP in analogy with a Tyr residue seen in the co-crystal structure of bacteriophage T7 DNA ligase and ATP (27) . Although the speculation may hold true that the relative order of fuctionally equivalent motifs is different in different (C) A Lineweaver±Burk plot, derived from adenylation of 32 P-r(A 10 ) 3¢-dideoxy-blocked oligomer, was measured using ATP titration. ATP inhibited adenylation at >100 mM ATP concentration. (D) RACE experiment using vector-derived RNA template and components from the GeneracerÔ kit (Invitrogen Inc.) followed by cDNA synthesis and PCR. RM378 RNA ligase 1 and buffer were used instead of T4 RNA ligase 1, and were incubated at 60°C for 1 h. Results show that 300-bp PCR products were obtained from the sample at different dilutions.
subfamilies of the superfamily, such that residue Phe80 (Phe77 in T4; 26), which is N-terminal to motif I, would stack against the adenine base, we would like to point to alternative possible residues for this function, i.e. Phe194 or Tyr207 (Phe158 and Tyr171 in T4), located between motifs I and IV, in favor of an unchanged relative order of analogous motifs.
Futhermore, since covalent nucleotidyl transferases may utilize two divalent metal ion mechanisms for catalysis similar to DNA polymerases (28) , conserved acidic residues are expected to be found as ligands to the metal ions. Residues Asp126 and Asp284 seem possible candidates for this function after examination of available crystal structures and sequence alignments of the available RNA ligase I sequences (Fig. 1 ) (26) and other members of the superfamily (23±25).
Characterization of the RM378 RNA ligase
When comparing the properties of RM378 RNA ligase 1 to T4 RNA ligase 1, the difference in thermostability and optimum temperature for activity is most striking (60 and 37°C, respectively). This observation is not surprising since the habitats of the T4 and RM378 hosts differ greatly with respect to temperature. However, the RM378 RNA ligase 1 must only be considered a moderately thermostable enzyme (stable at 60°C). The RM378 RNA ligase showed clear signs of thermoactivation, and can therefore be pre-incubated at 60°C for some time to obtain better ligation. As seen in Figure 5A , the enzyme shows no decrease in activity after 6±8 h of incubation at 60°C, but at higher temperatures it loses activity rapidly, as seen in Figure 3D . The speci®c activity of RM378 RNA ligase was determined to be~300 U/mg protein at 64°C, compared with 77 U/mg for T4 RNA ligase as shown by Silber et al. (6) . The speci®c activity measurements differ greatly for T4 RNA ligase 1 preparations from commercial sources (1000±12 000 U/mg). We noted that when we assayed T4 RNA ligase that was commercially obtained we observed only one-tenth of the claimed activity. This may be due to different setup and substrates of the assays. By titrating the ATP in the circularization assay, the K m for ATP concentration was determined as 1 mM compared with 0.2 mM for T4 RNA ligase 1 (6) . When measuring just the ATP optimum concentration for the substrate adenylation step, the K m was found to be 7 mM for P-r(A 10 dd). This difference can be explained by the difference in the assays, i.e. circularization versus adenylation. The ATP optimum experiments also revealed inhibition of activity at high ATP concentration. This is in contrast with T4 RNA ligase 1, which is known to increase both yield and accumulation of products (29) . The reason for this is unknown, but it can clearly be seen in both the adenylation assay and the circularization assay. A possible explanation would be that at higher ATP concentrations, ATP would either (i) block binding of the nucleic acid donor to the enzyme or (ii) compete with the covalently bound AMP (to K124) for the binding site, thereby blocking the formation of the adenylated donor intermediate and inhibiting the reaction.
When studying the DNA ligation it was clear that the phosphatase resistance assay, which measures both the adenylated and ligated product, was insuf®cient, due to the poor reactivity of a DNA acceptor. Therefore we developed the EPA to attain more direct measurements of DNA circularization. The DNA ligation studies showed much less activity on DNA than RNA, similar to the properties of T4 RNA ligase 1. RM378 RNA ligase 1 demonstrates relatively good adenlyation of the donor substrate, but the actual phosphodiester bond formation creates the`bottleneck', as seen for T4 RNA ligase 1 (29, 30) . The use of gel and a radioactivity-free system for ligase activity offers the potential for high-throughput screening of ligase variants using methods such as in vitro evolution with DNA shuf¯ing (31) . A similar assay could be used for high-throughput screening based on RNA circularization with Exonuclease T digestion and Ribogreenâ (Molecular Probes Inc.) RNA quanti®cation reagent.
Applications for RM378 RNA ligase
Following its discovery several decades ago, T4 RNA ligase 1 has been used in a variety of molecular biology applications. It is used for RNA and ssDNA ligation methods such as RLM-RACE, and other PCR-based methods for cloning unknown anking sequences. Since the secondary structure of mRNA is greatly in¯uenced by temperature, we expect that elevated temperatures can increase the likelihood of successful RLM-RACE (15, 16) . More speci®cally, using thermostable RNA ligase at elevated temperatures can facilitate ligations of complex synthetic RNA molecules that were almost impossible using its mesophilic counterparts, since secondary structure of the RNA would prevent access to its termini, making it a poor substrate. A good example is the production and manipulation of hammerhead ribozymes, and circularization of complex RNA molecules for use in structure±function relationship studies (32) . The ability to ligate ssDNA at elevated temperatures may also lead to a major advancement in speci®c applications in molecular biology, such as the increasingly important gene synthesis technology. The discovery of the ®rst known thermostable homolog of T4 RNA ligase 1 provides an enzyme with well-known basic functions, yet with novel and useful new properties.
